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Abstract Parasitism is one of the most notable forms of
symbiosis in the biological world, with nearly all organisms
hosting parasites. In many vertebrates, males have higher ecto-
parasite burdens than females, especially when testosterone
concentrations are elevated. Furthermore, reproductive females
may have higher ectoparasite burdens than non-reproductive
females. It is possible that testosterone-stimulated behaviors in
males and offspring investment by females incur energetic
costs that inhibit immune function. If questing ticks can sense
host sex or reproductive condition prior to attachment, they
could potentially choose hosts with the poorest immune func-
tion, thereby leading to improved feeding success and de-
creased feeding duration. In this study, we examined the
host–parasite relationship between western fence lizards (Sce-
loporus occidentalis) and the western black-legged tick (Ixodes
pacificus) to test the following hypotheses: (1) ticks prefer male
lizards to female lizards. (2) Ticks prefer male lizards with
higher testosterone. (3) Ticks prefer reproductive female lizards
to non-reproductive female lizards. (4) Ticks feed to repletion
more rapidly (decreased feeding duration) on reproductive
females and males with higher testosterone. In all three experi-
ments, ticks failed to show a preference for one group over
another as demonstrated by similar attachment rates between
groups. This suggests that observed differences in ectoparasite
loads in free-ranging lizards is due to some other factor than
host choice. However, tick feeding duration on female lizards
was shorter when hosts were reproductive, suggesting that host
reproductive condition alters tick feeding, possibly due to a
decreased immune response. Interestingly, ticks fed more slow-
ly on male lizards with elevated testosterone, suggesting that
testosterone may actually improve immune function against
ectoparasites.
Introduction
Interactions between hosts and their parasites greatly influ-
ence natural selection, with the evolution of improved host
defenses leading to increased virulence and other pressures
by the parasite (Lively 2010; Valens 1973). Some of the
diverse pressures that parasites exert on their hosts include
altered behavioral patterns (Bakker et al. 1997; Dunlap and
Schall 1995; Klein 2003; Schall and Sarni 1987), decreased
fitness (Baudoin 1975; Gooderham and Schulte-Hostedde
2011; Hamilton and Zuk 1982; de Lopé et al. 1998; Møller
et al. 1999; Schall and Dearing 1987), and decreased
immune function and overall health (Rechav et al. 1980;
Salvador et al. 1996; Schall 1990). Numerous factors influ-
ence the degree of parasitism (i.e., parasite load and parasite
feeding rate) in a given host individual, including abiotic
factors like geographic locality and season, and biotic fac-
tors like host age, sex, health, hormone concentrations, and
reproductive effort. In particular, host sex, hormone concen-
trations, and reproductive effort appear to be major, related
determinants of parasite loads.
Male animals tend to have higher parasite loads than
females (Poulin 1996; Zuk and McKean 1996) in diverse
species from salamanders (Anthony et al. 1994), ball pythons
(Aubret et al. 2005), and lizards (Klukowski and Nelson 2001;
Salkeld and Schwarzkopf 2005; Schall and Marghoob 1995;
Schall et al. 2000) to rodents (Moore and Wilson 2002;
Morand et al. 2004), reindeer (Folstad et al. 1989), and birds
(Zuk 1990; Tschirren et al. 2003). The explanation for this
observation is not fully understood, but the androgenic hor-
mone testosterone (T) is believed to be a key factor. Lizards
are particularly well suited for examining this relationship
because they are heavily parasitized by ectoparasites, and the
effects of T can be easily studied both in the laboratory and in
the field. Male lizards with experimentally elevated T have
higher parasite loads than control male lizards (Cox and John-
Alder 2007; Hughes and Randolph 2001; Klukowski and
Nelson 2001; Olsson et al. 2000; Roberts et al. 2004; Saino
et al. 1995; Salvador et al. 1996); however, the mechanism by
which T increases parasite loads is not known. In many lizard
species, T stimulates territorial behaviors and movements by
males that could expose them to more parasites. Specifically,
T increases the frequency of territorial behaviors (Klukowski
and Nelson 1998; Marler and Moore 1988, 1989; Moore
1986; Sinervo et al. 2000; Wingfield and Hahn 1994),
home-range size (Cox et al. 2005; DeNardo and Sinervo
1994; John-Alder et al. 2009; Sinervo et al. 2000), and move-
ment (Cox et al. 2005; John-Alder et al. 2009; Olsson et al.
2000; Sinervo et al. 2000). Additionally, T may inhibit im-
mune function (Belliure et al. 2004; Oppliger et al. 2004; Saad
et al. 1990; Uller and Olsson 2003), which, in turn, could
allow more parasites to infest, feed, and survive on males than
on females. For example, Veiga et al. (1998) showed that
when T concentrations are artificially increased in male lizards
(Psammodromus algirus), immune function decreases and
ectoparasite load increases.
Related to circulating T concentrations, reproductive effort
of the host may impact parasite loads. Reproductive effort is
defined as the proportion of resources invested in reproduction
(Ricklefs 1977; Tuomi et al. 1983; Vitt and Congdon 1978). In
male lizards, peak reproductive effort occurs during the mating
season when circulating T concentrations are high (Brasfield
et al. 2008; Goldberg 1974; Tokarz et al. 1998). Testosterone
increases energy expenditure through longer daily activity peri-
ods and increases in frequency of territorial behavior. Marler
and Moore (1989) demonstrated that T-implanted male moun-
tain spiny lizards (Sceloporus jarrovi) made fewer foraging
attempts, caught fewer prey, had lower gut content mass, and
had less stored energy in the form of lipids. Also, increases in
circulating T led to increases in metabolic rate (Buchanan et al.
2001; Oppliger et al. 2004). Increased energy expenditure, as
an indirect result of increased circulating T, may preclude
sufficient allocation of resources for optimal immune function.
This trade-off could lead to increased parasite burdens onmales
with high T concentrations. In females of oviparous species,
peak reproductive effort occurs during vitellogenesis (French
et al. 2007a; Tinkle 1969; Vitt et al. 1978) during which
vitellogenin production diverts energy to yolk production. This
process is energetically costly and can negatively impact
immune function (Cichon et al. 2001; Nordling et al. 1998;
Norris et al. 1994). For example, immune activity of female tree
lizards (Urosaurus ornatus) is suppressed during vitellogenesis
but only under conditions in which lizards are food-limited
(French and Moore 2008; French et al. 2007a, b, c). Immuno-
suppression caused by increased reproductive effort may result
in increased parasite loads, as observed in bats (Christe et al.
2000), birds (Nordling et al. 1998), and lizards (Sorci et al.
1996).
If variables such as sex, hormone concentrations, and repro-
ductive effort affect tick feeding success, can ticks detect these
conditions in order to choose the most appropriate hosts? It is
well established that ticks utilize chemical, visual, and tactile
cues to detect the presence of a host and to differentiate among
host species (Wallade and Rice 1982). For example, ticks can
detect particular chemicals isolated from a host’s skin or hair
(Dukes and Rodriguez 1976; Godfrey et al. 2011), and certain
species of juvenile ticks clearly show interspecific host prefer-
ences among mammal, lizard, and bird hosts (Slowik and Lane
2009). However, few studies have examined whether ectopar-
asites can actually detect intraspecific host differences in con-
dition and utilize this information to make choices prior to
attachment.
The purpose of this study was to determine if larval western
black-legged ticks (Ixodes pacificus) exhibit a preference for
western fence lizards (Sceloporus occidentalis) with differing
physiological conditions that could mediate tick feeding suc-
cess. This species of lizard is often heavily parasitized by
larval and nymphal stages of I. pacificus (Eisen et al. 2004),
and male lizards have higher tick loads than females (Eisen
and Eisen 1999; Eisen et al. 2001; Lumbad et al. 2011; Schall
et al. 2000). We first tested the hypothesis that ticks prefer
male lizards over female lizards; if this is true, thenmore larval
ticks should attach and successfully feed on male than on
female lizards in the laboratory. The second experiment tested
the hypothesis that ticks prefer male lizards with high T
concentrations (representative of the mating season) over male
lizards with low T concentrations; if this is true, then a greater
number of ticks should attach and successfully feed on males
with elevated T than on control males. The final experiment
tested the hypothesis that ticks prefer reproductive (vitello-
genic) female lizards over non-reproductive female lizards; if
this is true, then a greater number of ticks should attach and
successfully feed on reproductive female lizards than on non-
reproductive females.
In addition to examining host choice, we calculated tick
feeding duration. An intense host immune response can result
in reduced tick feeding success in the form of reduced blood
meal volume, prolonged feeding duration, and/or death of
engorging ticks (reviewed inWikel 1996;Wikel and Bergmann
1997; Willadsen and Jongejan 1999). We therefore used feed-
ing duration as an indirect measure of host immune function.
If increased reproductive effort inhibits immune function,
especially in males, then feeding duration should be shorter on
males than on females, on T-treated males than on control
males, and on reproductive females than on non-reproductive
females.
Methods
Study animals
Adult S. occidentalis were collected by hand-held noose from
the Chimineas Ranch unit of the Carrizo Plain Ecological
Reserve in San Luis Obispo Co., California, an area charac-
terized by semi-arid grassland with scattered oak trees and
numerous rock outcrops. In contrast to nearby coastal regions
(Lumbad et al. 2011), I. pacificus very rarely infests S. occi-
dentalis at Chimineas, likely because this habitat does not
provide adequate humidity for I. pacificus development.
Lizards were transported back to the California Polytechnic
State University, San Luis Obispo in cloth bags, where snout-
vent length (SVL, ±0.5 cm) and body mass (g, ±0.5 g) were
measured.
Laboratory populations of larval I. pacificus were generat-
ed for use in the study by feeding field-collected adults on
bulls (Bos primigenius taurus) at the California Polytechnic
State University beef unit. Adult ticks were collected by
dragging fleece flags through trail-side grasses in a riparian
habitat (Vredevoe et al. 1999) in Montaña de Oro State Park,
California. Collected ticks were maintained at 23 °C and
100 % humidity under 8:16 light/dark photoperiod in 20-ml
plastic vials (Wheaton Science Products, Millville, NJ,
U.S.A.) with mesh lids; vials contained a mixture of plaster
of Paris with activated charcoal to prevent desiccation and
retard mold growth. Replete female ticks were housed indi-
vidually in vials as above until oviposition and larval emer-
gence at 6–8 weeks. Larvae were held in the laboratory for
approximately 4 weeks post-emergence before placement on
lizards to ensure readiness for host feeding. For some trials,
larval age was up to three months post-emergence.
Host preference trials
Study lizards for each of the three experiments (see below)
were paired by SVL and body mass, and placed into 2.5 L
beakers, each containing a microcentrifuge tube with 100 tick
larvae. To permit host basking, beakers were placed close to a
60-W incandescent lamp for approximately 12 h. Fine mesh
was secured around the top of the beaker with rubber bands to
prevent tick escape from the beakers. Infestation trials spanned
48 h during which beakers were periodically misted with
distilled water to prevent desiccation of the larvae. Lizards
were then removed, the number of residual unattached ticks
was recorded, and lizards were placed into individual 13×8×
8 (cm) metal mesh cages elevated above tubs of water to
collect ticks as they dropped off. Tubs were 30×16×8 (cm)
and filled with 4 cm of water, such that any ticks dropping off
the host lizardswould fall into the tubs and float until they were
retrieved daily by the investigators. The sides of the tubs were
coated with Fluon (Bioquip, Rancho Dominguez, CA, USA)
to prevent tick escape. Tubs were placed in environmental
chambers (27 °C, 8:16 light/dark). Water was offered ad libi-
tum and two to three crickets were offered per day. Replete and
unfed tick numbers were quantified daily as ticks dropped off
into the water for approximately 3 weeks, until all ticks were
collected. At the termination of the experiment the total num-
ber of unfed ticks, replete ticks, and feeding duration (average
time to engorgement and drop off) were calculated for each
lizard.
Experiment 1: effect of host sex on tick preference
and feeding duration
Male–female host-preference experiments were performed at
three different time periods during 2009: spring (20 April to 9
May, n013 adult lizards of each sex), early summer (10 May
to 4 June, n012), andmid-summer (21 June to 13 July, n012),
chosen to examine lizards at times of varying reproductive
condition and hormone concentrations. In this species, circu-
lating T concentrations are high in males in the spring and low
in the summer (Taylor et al., unpublished data). Female lizards
were deemed vitellogenic if follicles were detected by palpa-
tion. All spring and early summer females were non-
vitellogenic, and all mid-summer females were vitellogenic.
Male and female lizard pairs were not significantly different in
SVL (spring, T00.24, P00.814; early summer, T00.31, P0
0.760; mid-summer, T01.81, P00.089) or body mass (spring,
T0−0.80, P00.429; early summer, T00.20, P00.842). How-
ever, male and female lizards paired together in mid-summer
were significantly different in body mass with males being
heavier (T03.52, P00.002). Male and female lizards were
paired together by SVL and body mass, and infested with tick
larvae as above.
Experiment 2: effect of testosterone on tick preference
and feeding duration
This study was performed during late summer (September
2009), when male lizards have low circulating T concentra-
tions (Taylor et al., unpublished data). Lizards were randomly
assigned to one of two treatment groups, T-implanted (n014)
or control (n014). The treatment groups did not significantly
differ in SVL (T0−0.23, P00.821) or body mass (T00.60,
P00.554). Implants were made from 5 mm pieces of silastic
diffusion tubing (Dow Corning, Clarkesville, TN, USA—
1.47-mm inner diameter, 1.96-mm outer diameter), capped
and sealed with silicon caulking, and filled with either 3 mm
of crystalline testosterone propionate (Sigma-Aldrich, St.
Louis, MO, USA; T-implanted) or silicon caulking (control).
Prior to implantation, lizards were placed on ice to undergo
cold-induced surface anesthesia until they exhibited no foot-
withdrawal reflex. Implants were placed into the coelomic
cavity via a small ventrolateral incision that was then closed
with absorbable suture. Lizards were housed outdoors for a
14-day period (to allow recovery from surgery and the
implants to take effect) in 2.4-m diameter snapset kiddie pools
(Intex Recreation Corp., Long Beach, CA, USA) containing
sand substrate, plants for shade, cinder blocks for basking, and
water and food ad libitum. At the end of this treatment period,
lizards were bled from the postorbital sinus with heparinized
capillary tubes to determine T concentration. Blood samples
were centrifuged for 5 min at 10,000 rpm, and plasma was
extracted and frozen at −20 °C. Plasma samples were quanti-
fied by radioimmunoassay according to the methods of Lind
et al. (2010). All samples were run in the same assay. Mean
recovery was 81 %. The average intra-assay coefficient of
variation was 7 %. T-implanted and control lizards were then
paired together by SVL and body mass and infested with tick
larvae as above.
Experiment 3: effect of vitellogenesis on tick preference
and feeding duration
This study was performed during late summer (August 2009)
when female lizards were not vitellogenic, confirmed by pal-
pation. Adult female lizards were captured, brought to the
laboratory, and randomly placed into one of two treatment
groups, vitellogenic (n012) or non-vitellogenic (n012). The
two groups were not significantly different in SVL (T00.21,
P00.836) or body mass (T00.88, P00.393). Lizards were
housed outdoors in kiddie pools as in Experiment 2, and those
in the vitellogenic group were injected intracoelomically with
0.10 ml of follicle-stimulating hormone (FSH, Sigma-Aldrich,
St. Louis, MO, USA) dissolved in reptile ringers solution
(0.05 mg FSH/0.1 ml reptile ringers solution) every other day
for 24 days, until palpation indicated they were vitellogenic.
Non-vitellogenic lizards were injected intracoelomically on the
same schedule with an identical volume of reptile ringers
solution. Vitellogenesis was confirmed in all treated lizards
(and lack of vitellogenesis in control lizards) after the experi-
ment by post-mortem dissection. At the end of the 24-day
treatment period, female lizards were paired together by SVL
and body mass, and infested with ticks as above.
Statistical analyses
Plasma T concentrations of T-implanted and control lizards
were compared with two-sample t tests. Numbers of replete
ticks for treatment groups (male versus female within each
season, T-implanted versus control, and vitellogenic versus
non-vitellogenic) were compared using repeated measures
ANOVA. Numbers of unfed ticks for the treatment groups
were compared using paired t tests. To examine the effects of
body size on numbers of replete ticks, we conducted analyses
of covariance (ANCOVA) with log-transformed SVL as the
covariate, comparing log-transformed replete tick loads be-
tween treatment groups (male versus female within each sea-
son, T-implanted versus control, and vitellogenic versus non-
vitellogenic). The homogeneity of slopes assumption of all
ANCOVAs was met. Tick feeding duration between treatment
groups were compared using two-sample t tests. For the male
versus female host choice studies, a one-way ANOVA with
Tukey pair-wise post-hoc comparisons assuming equal var-
iances was performed to compare feeding duration among the
three different time periods (spring, early summer, and mid-
summer) separately for male and female lizards. All t tests
were two-tailed and all p values were considered significant at
the α00.05 level. Statistical analyses were performed using
SAS version 9.2 (Cary, NC, USA).
Results
Experiment 1: effect of host sex on tick preference
and feeding duration
Average numbers of unfed ticks, replete ticks, and feeding
durations for each study are shown in Table 1. There were
no significant differences in replete tick loads on male
versus female lizards: spring (mean replete ticks—males0
23.7±4.5, females017.9±3.4; F01.69, P00.206; Fig. 1a),
early summer (mean replete ticks—males025.3±2.9,
females019.9±2.8; F01.22, P00.282; Fig. 1b), and mid-
summer (mean replete ticks—males027.8±4.9, females0
23.7±4.6; F00.00, P00.975; Fig. 1c). Furthermore, there
were no significant differences in the numbers of unfed ticks
that dropped off male versus female lizards—spring (mean
unfed ticks—males04.6±0.7, females04.69±1.1; two-
tailed T00.06, P00.952), early summer (mean unfed ticks,
males02.23±0.4, females03.62±0.4; two-tailed T01.85,
P00.089), and mid-summer (mean unfed ticks—males0
3.33±0.6, females05.08±1.3; two-tailed T01.22, P0
0.247). Snout-vent length did not significantly affect tick
loads for any of the three time periods (spring—F02.92, P0
0.101; early summer—F00.71, P00.409; mid-summer—
F00.64, P00.433).
Tick feeding duration on male versus female lizards did
not significantly differ during spring (mean duration—
males012.8±0.5 days, females013.0±0.4 days; two-tailed
T0−0.54, P00.600) and early summer (mean duration—mal-
es012.9±0.3 days, females012.7±0.4 days; two-tailed T0
0.34, P00.744) time periods. However, ticks fed significantly
faster on female lizards than on male lizards during the mid-
Table 1 Mean (±1 SEM) number of unfed and replete Ixodes pacificus
larvae and their feeding duration on Sceloporus occidentalis lizard hosts
Group Number Unfed Replete Feeding
of lizards ticks ticks duration
(days)
Field animals
Males
Spring 13 4.6±0.7 23.7±4.5 12.8±0.5
Early summer 12 2.23±0.4 25.3±2.9 12.9±0.3
Mid-summer 12 3.33±0.6 27.8±4.9 13.4±0.3
Females
Spring 13 4.69±1.1 17.9±3.4 13.0±0.4
Early summer 12 3.62±0.4 19.9±2.8 12.7±0.4
Mid-summer 12 5.08±1.3 23.7±4.6 11.5±0.2
Lab animals
Males
T treated 14 3.36±0.6 29.7±3.1 13.8±0.3
Control 14 3.00±0.5 26.6±4.2 13.2±0.3
Females
Vitellogenic 12 1.18±0.3 32.8±4.0 14.8±0.4
Non-vitellogenic 12 2.36±0.5 26.6±4.1 13.8±0.3
See text and figures for results of comparisons among groups
summer time period (mean duration—males013.4±0.3 days,
females011.5±0.2 days; two-tailed T04.53, P00.001), when
female lizards were vitellogenic. Accordingly, feeding dura-
tion on female lizards was significantly shorter in mid-
summer than in spring and early summer time periods (F0
5.52, P00.008; Fig. 2a; Table 1), but feeding duration onmale
lizards across the three time periods did not significantly differ
from one another (F00.54, P00.589; Fig. 2b; Table 1).
Experiment 2: effect of testosterone on tick preference
and feeding duration
Testosterone implantation nearly doubled circulating concen-
trations of T (T-implanted males035.7±2.0 ng/ml, control
males021.1±2.8 ng/ml; two-tailed T0−4.25, P≤0.0001).
The T concentrations of T-implanted males were, however,
within the range of concentrations observed in free-ranging
males during the mating season in the spring (Taylor et al.,
unpublished). There were no significant differences in replete
tick loads (mean replete ticks—T-implanted males029.7±3.1,
control males026.6±4.2; F00.21, P00.653; Fig. 3) and
numbers of unfed ticks (mean unfed ticks—T-implanted mal-
es03.36±0.6, control males03.00±0.5; two-tailed T00.49,
P00.630) on T-implanted versus control male lizards. Snout-
vent length did not significantly affect replete tick loads (F0
0.20, P00.660). Ticks fed significantly faster on control males
than on T-implanted males (mean duration—T-implanted
Fig. 1 Cumulative replete tick loads on male (filled diamonds) and
female (open squares) lizards at three times of the year: spring (a),
early summer (b), and mid-summer (c). Values are shown as means±1
SEM
males013.8±0.3 days, control males013.2±0.3 days; two-
tailed T0−2.30, P00.038).
Experiment 3: effect of vitellogenesis on tick preference
and feeding duration
There were no significant differences in replete tick loads (mean
replete ticks—vitellogenic032.8±4.0, non-vitellogenic026.6±
4.1; F00.52, P00.481; Fig. 4) and numbers of unfed ticks
Fig. 2 Cumulative replete tick loads on male lizards (a) and female
lizards (b) at three times of the year: spring (open diamonds), early
summer (open squares), and mid-summer (filled triangles). Values are
shown as means±1 SEM
(mean unfed ticks—vitellogenic01.18±0.3, non-vitellogenic0
2.36±0.5; two-tailed T01.72, P00.115) on vitellogenic versus
non-vitellogenic female lizards. Snout-vent length did not sig-
nificantly affect replete tick loads (F01.41, P00.250). There
was also no significant difference in feeding duration (mean
duration: vitellogenic014.8±0.4 days, non-vitellogenic013.8±
0.3 days; two-tailed T0−2.13, P00.059).
Discussion
While numerous studies have demonstrated that ticks can
detect the presence of hosts and differentiate among host
species (Dukes and Rodriguez 1976; James and Oliver
1990; Slowik and Lane 2009; Godfrey et al. 2011), ours is
one of the first published studies examining whether ticks can
detect and perhaps utilize host-based cues that reveal sex,
hormonal concentrations, and reproductive effort prior to at-
tachment. Carrick and Bullough (1940) showed that larval
castor bean ticks (Ixodes ricinus) exhibited no preference
Fig. 3 Cumulative replete tick loads on testosterone-implanted (filled
squares) and control (open squares) male lizards. Values are shown as
means±1 SEM
(rates of attachment and engorgement) when given a choice
between reproductive and non-reproductive hedgehogs. In
contrast, studies on bats showed that larger numbers of Spin-
turnix mites attached to individuals with better nutritional
status (Christe et al. 2003) and pregnant as compared with
non-reproductive female bats (Christe et al. 2000), suggesting
that these mites may be able to sense host quality prior to
attachment. In each of our experiments, however, similar
numbers of ticks attached and fed to repletion on hosts in each
of our experimental pairings, suggesting that I. pacificus lar-
vae either do not detect host-based differences that we tested
or do not exhibit a preference between S. occidentalis males
and females, males with different T concentrations, and repro-
ductive versus non-reproductive females.
Our hypothesis that larval ticks prefer male lizards to female
lizards was rejected. This experiment was repeated at three
different times of the year to account for all combinations of
reproductive condition: spring (males have high T and females
are not reproductive), early summer (males have low T and
females are not reproductive), and mid-summer (males have
Fig. 4 Cumulative replete tick loads on vitellogenic (filled squares)
and non-vitellogenic (open squares) female lizards. Values are shown
as means±1 SEM
low T and females are vitellogenic). Free-ranging male S.
occidentalis have higher tick loads than female lizards (Eisen
and Eisen 1999; Eisen et al. 2001; Lumbad et al. 2011; Schall et
al. 2000); this sex differencemust be due to a factor other than a
preference for male hosts over females. Randolph (1998) pos-
tulated that for an ixodid tick species with a mean fecundity of
2,000 eggs, on average only 5, 10, and 20 % of ticks will
survive from eggs to larvae, larvae to nymphs, and nymphs to
adults, respectively. Therefore, because of relatively low sur-
vival rates, it may be more beneficial for questing larval ticks to
attach to any available host, otherwise they risk not encounter-
ing another host. Although questing ticks can clearly discern
and show a preference for attachment and feeding on particular
host species, they may be unable to detect intraspecific differ-
ences in host quality prior to attachment. Host seeking and
attachment behavior may also change over time as a function of
diminishing questing tick energetic resources and other factors.
Factors that influence the rate at which ticks encounter hosts
and that therefore influence mortality rates include temperature,
day length, time of year, moisture, predation, and, in particular,
the abundance of potential hosts (Daniel et al. 1976; Randolph
2004). It would be interesting to observe whether ticks exhibit
differences in host preference under these varying conditions,
for example in populations where host abundance is very high
versus very low and in response to host species richness in a
community.
There were no differences in the number of ticks that
attached to males with experimentally elevated T and control
males, causing us to reject the hypothesis that ticks exhibit a
preference for male lizards with higher circulating T concen-
trations. Studies in free-ranging lizards in the field have
documented increased ectoparasite loads in males with exper-
imentally elevated T (Cox and John-Alder 2007; Klukowski
and Nelson 2001; Olsson et al. 2000; Saino et al. 1995;
Salvador et al. 1996), including S. occidentalis (Pollock et
al., in review). These results suggest an interesting role of T
in mediating ectoparasite loads. If ticks do not prefer males
with high T, then T must lead to increased tick loads in some
other way. We suggest two possible hypotheses to explain this.
Males generally have poorer immune function than females,
often due to inhibitory effects of T (Folstad and Karter 1992;
Klein 2000; Mondal and Rai 1999, 2002; Tschirren et al. 2003;
Zuk and McKean 1996). This could leave males more vulner-
able to ectoparasitism by permitting more parasites to infest,
feed, and survive. Alternatively, T stimulates male territorial
behaviors (Klukowski and Nelson 1998; Marler and Moore
1989;Moore 1986; Sinervo et al. 2000) and movement (Cox et
al. 2005; John-Alder et al. 2009; Sinervo et al. 2000), thus
potentially exposing male lizards to more questing parasites.
This potential relationship between movement, activity, and
tick load has been shown in chipmunks (Tamias sibiricus),
with high tick loads being correlated with high spatial use and
high activity level (Boyer et al. 2010). It is possible this same
relationship is present in lizards. Therefore, T appears to be an
important factor mediating parasite load, although we found
that ticks do not choose among hosts based on any cue altered
by circulating T concentrations.
Similar to the results from the other host preference experi-
ments, there was no evidence of host preference when repro-
ductive effort in female lizards was manipulated, leading us to
reject the hypothesis that ticks prefer vitellogenic lizards over
non-vitellogenic lizards. This again suggests that questing
ixodid ticks may be unable to detect intraspecific differences
in host physiological condition prior to attachment, or that
reproductive condition alone does not negatively affect tick
feeding success, and so there is no difference in host prefer-
ence. We had expected more ticks to choose vitellogenic
female lizards because vitellogenesis is an energetically costly
process (French et al. 2007a; Tinkle 1969; Vitt et al. 1978),
and under limited resources can lead to a reproductive-
immune trade-off (Cichon et al. 2001; Nordling et al. 1998;
Norris et al. 1994) and increased parasite loads (Christe et al.
2000; Nordling et al. 1998; Sorci et al. 1996). However, in
female tree lizards (U. ornatus), immune activity was sup-
pressed during vitellogenesis only under food-limited condi-
tions (French and Moore 2008; French et al. 2007a, b, c). It is
therefore possible that the ad libitum feeding regimen of our
laboratory study prevented immune-reproductive trade-offs
from occurring. It would be interesting to investigate in a future
study whether ticks exhibit a preference for food-limited, vitel-
logenic female lizards.
When tick feeding duration was compared between male
and female lizards, the only difference was observed during
the mid-summer time period when males have low circulating
T and females are vitellogenic; that is, during the time when
the difference in reproductive effort between the sexes is most
pronounced. Ticks fed more quickly on females than males
during this time period, and indeed ticks fed more quickly on
female lizards in mid-summer than in the other time periods.
Feeding duration was relatively constant for all lizards across
all seasons, except in the vitellogenic mid-summer females,
where the duration was decreased by an average of 1–2 days.
One explanation for this difference is that the energetic
demands of vitellogenesis in these field-collected lizards
may have imparted decreased immune function (French et
al. 2007a, b, c), permitting increased tick feeding rates. Upon
attachment, a complex activation of immune attacks and
defenses by both host and parasite is initiated. The saliva
injected by ticks into the feeding lesion of the host skin is
composed of an array of compounds that function to increase
blood flow to the feeding tick, decrease clotting, and combat
the host immune response (Brossard and Wikel 2004; Hovius
et al. 2008; Ribeiro 1995; Schoeler and Wikel 2001). Hosts
then mount a response against these compounds in the tick’s
saliva, thereby decreasing the efficiency of hematophagy by
either prematurely shortening feeding duration, leading to
early drop-off (partial repletion), or by killing the tick, often in
situ (Brossard and Wikel 2004; Ribeiro 1989; Wikel et al.
1994). The host response involves integrin-stimulated blood
coagulation, vasoconstrictors, and a complex immune re-
sponse involving antigen-presenting cells, cytokines, T lym-
phocytes, natural killer cells, complement, and antibodies
(Champagne and Valenzuela 1996). These components can
disrupt blood meal acquisition, impair physiological process-
es, and kill the tick. Counteracting the host response are
tick apyrases and disintegrin-like peptides that inhibit blood
coagulation, vasodilators, and compounds that block the
activation of the alternative complement pathway, inhibit the
host antibody response, and suppress cytokine production
(Champagne and Valenzuela 1996; Wikel et al. 1996). Inhibi-
tion of these host immune responses promotes a more favor-
able feeding environment for the tick. Consequently, initiating
a robust immune response may increase tick feeding duration
or in some cases prevent ticks from feeding to repletion.
Vitellogenesis is an energetically expensive process (Bonnet
et al. 1994; Braña et al. 1992), and if a female individual does
not have appropriate resources to support both reproductive
and immune systems during this time, then a trade-off may
occur, leading to suppression of the immune response. This
should be especially evident in free-ranging female lizards,
as used in our study, which are often limited in food supply
(French and Moore 2008; French et al. 2007a, b, c; Ruiz
et al. 2011).
Ticks also fed significantly faster on the control lizards than
on T-implanted lizards. This is contrary to our predictions, in
that if T diminishes the immune response, this should permit
ectoparasites to feed more rapidly on hosts (Brossard and
Wikel 2004; Ribeiro 1989; Wikel et al. 1994). Although the
majority of studies have shown an inhibitory effect of Ton the
immune system, several studies have shown the opposite
effect (Tschirren et al. 2005). For example, in barn swallows,
Saino et al. (1995) demonstrated that while T was positively
related to ectoparasite load, antibody levels, and number of
eosinophils actually increased with experimentally elevated T.
In another lizard species, T appeared to enhance the immune
response and reproductive capacity during periods of high
food availability, but when resources were limited, T inhibited
the immune response (Ruiz et al. 2010). In our study, lizards
were provided with ad libitum food for 2 weeks while
implants took effect, raising the possibility that the combina-
tion of high food availability and increased T concentrations
possibly improved their immune response to ectoparasites.
This intriguing possibility should certainly be studied further.
Interestingly, there was no significant difference in feed-
ing duration between female lizards that were artificially
induced into vitellogenesis and control lizards (Experiment
3). In Experiment 1, we observed that tick feeding duration
was reduced in naturally vitellogenic females collected from
the field site and immediately subjected to treatment. As
demonstrated by French et al. (2007a, b, c) and Ruiz et al.
(2011), the immune response of reproductive female lizards
may only be impacted under conditions where there is not
enough energy to support both immune and reproductive
systems. The studies above found a decrease in immune
function in reproductive lizards only when they were
energy-limited; when food was available ad libitum, no differ-
ences were observed. All female lizards with artificially-
induced vitellogenesis in our study were fed ad libitum for
three weeks prior to infestation with ticks, which may have
improved their nutritional status to the point where the ener-
getic costs of vitellogenesis did not have negative impacts on
their immune response to the ticks. To confirm this, as well as
the hypothesis that energetic state modulates a T-induced
alteration of immune function in males that then affects tick
feeding duration, experimental manipulation of vitellogenesis
and T concentrations must be paired with controlled manipu-
lation of food availability as in French et al. (2007a, b, c) and
Ruiz et al. (2010, 2011).
The experiments described here are some of the first to
explore the potential interplay between tick host preference in
response to sex, hormonal concentrations, and reproductive
effort in reptiles. The fact that no preference for hosts was
observed in any of the host choice experiments in this study
suggests that ticks lack the ability to detect the sex or physi-
ological state of a potential host prior to attachment, or that
these factors alone were not relevant to tick feeding success.
This suggests that I. pacificus larvae do not select host lizards
based on reproductive condition-related cues alone. Future
studies should focus on determining the behavioral and phys-
iological mechanisms that give rise to the observed effects of
T on parasitism in male hosts, and on the role of reproductive
effort in mediating parasite load, immunosuppression, and
fitness in female hosts.
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